We report a lattice Boltzmann model that can be used to simulate fluid-solid coupling heat transfer in fractal porous media. A numerical simulation is conducted to investigate the temperature evolution under different ratios of thermal conductivity of solid matrix of porous media to that of fluid. The accordance of our simulation results with the solutions from the conventional CFD method indicates the feasibility and the reliability for the developed lattice Boltzmann model to reveal the phenomena and rules of fluid-solid coupling heat transfer in complex porous structures.
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Over the last several decades, fluid flow and heat transfer in porous media have been studied both experimentally and theoretically by many authors. A comprehensive review of this subject has been given by Nield and Bejan. [1] In addition to the experimental and theoretical investigations, various computational methods have been used to study fluid flow and heat transfer in porous media. Most of the previous numerical simulations were carried out based on the discretizations of certain semiempirical models using some standard conventional techniques, such as the finite-difference, finite-volume, and finite-element methods. [2−6] The lattice Boltzmann method (LBM) is a recently developed numerical tool for simulating fluid flow, and has been applied successfully to a lot of problems of fluid dynamics and heat transfer. [7−10] However, most of the previous numerical simulations on fluid flow and heat transfer in porous media were separately conducted by using LBM. When simulating heat transfer, fluid flows cannot be considered. This is because fluid flows in porous media are coupled with heat transfer, implying that LBM could not deal with the continuous temperature and heat flux at the fluid-solid interface. In this Letter, we report a lattice Boltzmann model that can be used to simulate fluid-solid coupling heat transfer in fractal porous media. A numerical simulation is conducted to verify its feasibility and reliability.
The basic idea of the model presented here is to model the velocity field by the lattice Boltzmann equation (LBE), and the temperature field by another LBE that describes the evolution of a temperature distribution function. The two-dimensional 9-speed (D2Q9) lattice Boltzmann model including an external force term is used to solve the Navier-Stokes equation for fluid flow, [11] 
with being an external force and can be expressed by
where is the external force acting per unit mass, and is the gas constant. If there is no external force, the second term on the right-hand side of Eq. (1) can be neglected. The local equilibrium density distribution function is given by
where is the lattice speed and takes 1.0, and
where is the viscosity-based dimensionless relaxation time, is the kinematics viscosity of fluid, is the lattice length, and is the time step. 
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After evolving on the discrete lattices, the density, velocity and pressure can be calculated by
The evolution equation for the temperature field is [11] (
where the equilibrium temperature distribution function is
where is the dimensionless relaxation time for energy transport, is the thermal conductivity of fluid or solid, is the specific heat at constant pressure. Note that Eqs. (8)- (11) are valid only in the incompressible limit under the assumption that the porous media is a homogeneous isotropic material. As we know, the evolution equation describing the temperature field is used as the substitution of the energy conservation equation, i.e., they must be equivalent. Therefore, the energy conservation equation can be derived from the evolution equation. If not, the evolution equation can not solve the temperature field correctly. In order to satisfy this point, the incompressibility for the fluid and the isotropy for the fluid and the solid are assumed in this study. The temperature can be calculated by
For fluid flow, Eqs. (8)- (12) can be used to solve the energy governing equation. For a solid, these equations are much simpler due to = 0. A regular Sierpinski carpet is generated to model the structure of porous media, as shown in Fig. 1 . In this figure, white and black regions represent the pore phase and the matrix phase of porous media, respectively. AC and BD are the solid boundaries of flow field with constant wall temperature wall . AB and CD represent the inlet and outlet of flow field, and fluid temperature at the inlet is denoted by in ( in < wall ). The dimensionless size is adopted for the length of flow boundary. In order to ensure the continuities of the macroscopic parameters and their fluxes at the fluid-solid interface, a "half lattice division" method is introduced to deal with the interface. [12] T in The pressure boundary condition is implemented at the inlet and outlet. The Zou-He model [13] is used to solve the unknown distribution functions for the flow lattice Boltzmann evolution equations at the inlet and outlet. For details of the calculation method, please see the correlative reference. [14] The non-slip velocity boundary is adopted on the solid surface, and "bounce-back" model [15] is employed to realize it. The "counter-slip" model [16] is employed to deal with the boundary conditions for heat transfer. The incoming unknown temperature distribution functions can be obtained by the equilibrium distribution function of the local temperature ′ for the top boundary of the flow field,
where the value of ′ is determined by the following constraint
where ′′ is the sum of known distribution functions coming from the neighboring internal nodes and wall nodes, and can be expressed as
A similar procedure can be used to solve the unknown distribution function for the bottom boundary of the flow field. At the inlet, after evolving on the discrete lattices, the unknown distribution functions can be obtained from the equilibrium distribution of the local 064401-2
For the outlet, the sufficient developed condition is used, which means that the distribution functions at the outlet are set the same as the front lattice nodes. Figures 2 represents the dimensionless temperature distributions without considering gravity along the direction at = 0.1, 0.25, 0.5 when the ratios of thermal conductivity of the solid matrix to that of the fluid are 1:1 and 10:1, respectively. In this figure, the numerical simulation results from LBM are compared with the computation results obtained by the conventional CFD method. It is found that the LBM results agree well with the solutions from CFD simulation. This indicates the reliability and correctness of the model developed in this study. It can be seen from the figures that the curves are very flat and sleek when the thermal conductivity of the solid matrix is equal to that of the fluid, but very flexural when it is not equal to the thermal conductivity of the fluid, especially at the interface of the fluid phase and the solid matrix phase. Taking the temperature distribution along the direction at = 0.5 as an example, temperature increases with a parabola shape along the direction for the same thermal conductivities of solid and fluid, as shown in Fig. 3(a) . However, when the ratio of the thermal conductivity of the solid matrix to that of the fluid is 10:1, the temperature increases with a ladder shape, as shown in Fig. 3(b) . The temperature evolutions along both the and directions conform to the structural characteristics of fractal porous media shown in Fig. 1 . This demonstrates the feasibility, reliability and correctness for LBM to simulate fluid-solid coupling heat transfer in the fractal porous media. In order to investigate the effect of gravity on fluid flow and heat transfer in fractal porous media, the comparisons of results with and without gravity for LBM are also given by Fig. 3 . In this study, the direction of gravity coincides with that of fluid flow (positive direction). It can be seen that when considering the gravity, the fluid temperature at the outlet of fractal porous media is higher than the situation with no gravity. This is because the fluid flows faster in the fractal porous media under the action of gravity, which enhances the heat transfer between the solid phase and the fluid phase. For two thermal conductivity ratios of solid to fluid (1:1 and 10:1), the above-mentioned phenomena are found. Thus it can be seen that gravity has an important influence on fluid flow and heat transfer in porous media, and full attention must be paid when investigating the heat and mass transfer phenomena in porous media. In summary, we have developed a lattice Boltzmann model to simulate fluid-solid coupling heat transfer in fractal porous media, and numerically investigated the feasibility, reliability and correctness of this model. The accordance of our simulation results with the solutions from the conventional CFD method 064401-3 indicates that it is possible to reveal the phenomena and rules of fluid-solid coupling heat transfer in complex porous structures using the present lattice Boltzmann model.
